Abstract: Standard pulse oximetry only measures the functional derivatives oxyhemoglobin (O2Hb) and deoxyhemoglobin (HHb) to calculate the arterial oxygenation. However, the two dysfunctional hemoglobin derivatives carboxyhemoglobin (COHb) and methemoglobin (MetHb) are of much interest. The gold standard detecting abnormal concentration of COHb or MetHb is the blood gas analysis (BGA). In this paper a non-invasive method for measuring these derivatives and a setup for validation is presented.
Introduction
Next to electrocardiography (ECG) and blood pressure, pulse oximetry is one of the most relevant diagnostic methods in clinical environment. Very fast and non-invasively an overview of the patient's constitution is given. The parameters oxygen concentration (SpO2), heart rate and perfusion index can be measured. It gives reliable information about the functional hemoglobin derivatives oxyhemoglobin (O2Hb) and deoxyhemoglobin (HHb). However, most pulse oximeters get distracted by the dysfunctional hemoglobin derivatives carboxyhemoglobin (COHb) and methemoglobin (MetHb) .
The normal range of MetHb is between 0 % and 2 % of the total hemoglobin. MetHb concentrations above 30 % indicate intoxication, while concentrations above 60 % are lethal. An increase in MetHb can be induced accidentely by medication e.g. during local anesthesia.
An increase in COHb is caused by an increase of the CO content of the inhaled air. Normal COHb levels of healthy individuals are less than 3 %. COHb levels of more than 30 % result in intoxication, levels above 50 % may result in death [1] .
Common pulse oximeters utilize sensors with two LEDs at the wavelengths 660 nm and 905 nm. These two wavelengths are sensitive for the functional hemoglobin derivatives. By applying the Beer-Lambert law the SpO2 level can be determined [2] . However, these devices are [3, 4] . These devices use a higher number of LEDs. Their wavelengths range from 600 nm to 1300 nm.
In this paper a sensorsystem is presented to measure SpO2, MetHb and COHb independently. Prior work on an artificial blood flow model [5] is now validated with an invivo animal study on pigs. It was already shown that the sensorsystem is able to measure SpO2, MetHb, and COHb separately [6] .
Methods
The Beer-Lambert law (eq 1) is used to determine the concentration of a haemoglobin derivative. It states that the intensity of transmitted light I depends on the emitted light I 0 , the specific extinction coefficient ε of the absorbing substance, the concentration c of the absorbing substance and the optical path length d.
( ) By introducing a ratio R which is built by the AC and DC components of transmitted light of two different wavelengths λ, it is known that the ratio R is proportional to the SpO2 [2] (eq 2, 3).
A sensor with eight different wavelengths is built up ranging from 500 nm to 1400 nm. A combination of reflectance and transmittance spectroscopy is used. For the wavelengths between 500 nm and 600 nm the sensor measures the reflected light; for 600 nm and 1400 nm the transmitted light is measured by the photodiode (see figure 1 ). This setup results in 60 possible combinations of ratios R λiλj . By combining these ratios in a linear regression model it is possible to determine the single haemoglobin derivatives.
Preventing damage to humans due to high concentrations of MetHb and COHb, an in-vivo animal study with 18 pigs was performed. The pigs underwent general anaesthesia and were ventilated with a respiratory minute volume of 4 l. Hypoxia was induced by adding nitrogen to the inhaled air to decrease the SpO2. Reoxygenation was performed by ventilation with 100 % O 2 . The MetHb level was varied by injecting sodium nitrite and methylene blue. By adding carbonmonoxide to the inhaled air COHb was increased.
The sensor was attached to the pig's tail because the optical properties are comparable to human fingers. Blood gas analysis is used as invasive reference method. During each setting several arterial blood samples were taken and analyzed with a blood gas analyzer by Siemens (Rapidpoint 500). Cross validation was applied to separate the training from the test group. Table 1 states the minimum and maximum levels of the different hemoglobin derivatives. An exemplary maneuver of varying the hemoglobin derivatives sO2 and COHb is shown in figure 2 . The plot shows the oxygen saturation sO2, the MetHb and the COHb over time. The whole maneuver has taken 4:43 hr during the experiment. At first the pig underwent a desaturation down to 73 % from minute 33 to 63, followed by reoxygenation. From minute 91 to 115 the COHb concentration was increased by adding CO into the inhaled air. From minute 115 on the pig inhaled air with 21 % O 2 to reduce the COHb level slowly to a normal level. At minute 230 the CO maneuver was repeated and at minute 277 an oxygen desaturation was induced to change two hemoglobin derivatives parallely. Figure 3 states an exemplary maneuver of an oxygen desaturation and MetHb increase. At the beginning of the experiment an oxygen desaturation was performed. Afterwards the MetHb level was increased from minute 100 to 250 to a value up to 38 % MetHb. At the end of the experiment methylene blue was injected to decrease the MetHb to a normal level.
Results
The ratios from eq 2 were used as features, while sO2, COHb and MetHb respectively were used as targets. After feature selection a linear regression model was applied on each of the blood components sO2, COHb and MetHb.
A fit on sO2 (see figure 4 ) leads after leave one out crossvalidation to a correlation coefficient r 
Conclusion
It is shown that this setup is capable of measuring COHb, MetHb and O2Hb non-invasively. The setup is accurate even when manipulating hemoglobin derivatives in parallel. In further research it is planned to apply more regression models with a sophisticated feature selection to increase the models' accuracy.
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